Lepton number violation within the conformal inverse seesaw by Humbert, PascalMax-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117, Heidelberg, Germany et al.
J
H
E
P
0
9
(
2
0
1
5
)
0
6
4
Published for SISSA by Springer
Received: June 16, 2015
Revised: August 5, 2015
Accepted: August 10, 2015
Published: September 11, 2015
Lepton number violation within the conformal inverse
seesaw
Pascal Humbert,a Manfred Lindner,a Sudhanwa Patraa,b and Juri Smirnova
aMax-Planck-Institut fu¨r Kernphysik,
Saupfercheckweg 1, 69117 Heidelberg, Germany
bCenter of Excellence in Theoretical and Mathematical Sciences,
Siksha ’O’ Anusandhan University,
Bhubaneswar-751030, India
E-mail: humbert@mpi-hd.mpg.de, lindner@mpi-hd.mpg.de,
sudhanwa@mpi-hd.mpg.de, juri.smirnov@mpi-hd.mpg.de
Abstract: We present a novel framework within the conformal inverse seesaw scheme
allowing large lepton number violation while the neutrino mass formula is still governed
by the low-scale inverse seesaw mechanism. This model includes new contributions to
rare low-energy lepton number violating processes like neutrinoless double beta decay. We
find that the lifetime for this rare process due to heavy sterile neutrinos can saturate
current experimental limits in contrast to the usual inverse seesaw where this process is
suppressed. The characteristic collider signature of the present conformal inverse seesaw
scheme includes, same-sign dilepton plus two jets and same-sign dilepton plus four jets.
Finally, we comment on the testability of the model at the Large Hadron Collider since
there are new scalars, new fermions and an extra neutral gauge boson with masses around
few 100 GeV to few TeV.
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1 Introduction
The long standing problem of the sensitivity of the Higgs mass to an ultra-violet embedding
has motivated many extensions of the Standard Model (SM) at energies close to the Electro-
Weak (EW) scale. However, the first run of the Large Hadron Collider (LHC) did not find
new physics which motivates extensions of the SM without explicit scale. Such extensions
would manifest themselves at the colliders in a more indirect way and would for now look
exactly like the SM.
The hierarchy problem of the Higgs potential can be formulated as an apparent
quadratic dependence of observables on an underlying microscopic i.e. ultra-violet the-
ory technically addressed as a cut-off dependence. However, it is known that systems close
to a critical point and undergoing a phase transition can be described independently of the
underlying microphysics [1]. The essential concept is self-similarity which can arise in form
of scale invariance.
This led to ideas that describe the EW transition in conformal theories where the
non-linear realization of the symmetry results in the appearance of scales. It implies that
there are no fundamental mass scales a priori in the theory and that consequently all
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scales we observe emerge dynamically as an effect of quantum interactions. Models of
this type have been studied in [2–40]. Mathematically, this behaviour is captured by the
Coleman-Weinberg mechanism [2]. Since the top quark contribution to the β-function of
the Higgs quartic coupling is large in the SM, it turns out that, in order to have Radiative
Spontaneous Symmetry Breaking, the particle content of the SM has to be enlarged such
that bosonic degrees of freedom become dominant. We will refer to the spectrum of newly
added particles as the Hidden Sector.
In this context it is interesting to discuss SM symmetries in these models. The particle
content of the SM is such that lepton and baryon numbers separately and their linear
combination B − L are global symmetries. But following fundamental arguments nature
should not possess unbroken global symmetries [41]. This would imply that the B − L
symmetry is either explicitly broken at a higher scale or that it is gauged.
The most popular way of explicit lepton number violation (LNV) is to introduce SM
singlet fermions νR with lepton number one and a mass term MRν¯Rν
c
R. As a consequence
the B − L symmetry becomes anomaly-free so that it can be gauged, which is another
argument in favour of this extension. In the conformal framework, however, explicit mass
terms are forbidden. Then the question arises how to properly embed LNV in a conformal
model. In a previous work [42] we demonstrated how explicit LNV is possible in a conformal
model just by interaction terms in the Lagrangian. We found that an extension of the SM
gauge group by a U(1)X local symmetry can lead in this set-up to an inverse seesaw
scenario with additional keV-scale Dark Matter. Furthermore, the LNV processes are
strongly suppressed in all low-energy observables. In particular there is no neutrinoless
double beta decay (0νββ) contribution of the new physics.
In this work we follow an alternative approach and show that it is possible to break
the lepton number spontaneously in the conformal inverse seesaw (CISS). In this scenario
the additional local symmetry U(1)X is identified with U(1)B−L. Since the new gauge
symmetry does not only operate on the Hidden Sector, but also on SM particles we need
to cancel the anomaly contributions from the SM particles as well. This fixes in the case
of B − L symmetry the number of SM singlet fermions with B − L = −1 to three. The
additional fermions have to be organised in pairs vector-like under B − L.
We demonstrate in this work that LNV processes are not suppressed, unlike in the usual
inverse seesaw. At the same time the Dark Matter (DM) phenomenology and the neutrino
mass mechanism with sizable active-sterile mixing are preserved as analysed in [42]. There,
the lepton number was explicitly broken but the 0νββ signal was systematically cancelled
by pseudo-Dirac contributions. In the present set-up, however, 0νββ occurs, even though
lepton number is not explicitly broken. It is an impressive fact that the non-linear realiza-
tion of conformal symmetry forces us to introduce a model with a scalar condensate which
is close to the TeV scale, as it is dynamically linked to the EW scale. Therefore, the new
physical degrees of freedom are expected to be accessible at the LHC.
The paper is organised in the following way. In section 2 we discuss how to attain large
LNV in the conformal inverse seesaw model. In section 3 we analyse the lepton number
violating processes expected in this model and the possibility to distinguish the presented
scenario from the CISS with suppressed LNV at the LHC. We summarize our results and
conclude in section 4.
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2 Framework for large lepton number violation in the conformal inverse
seesaw
It is clear that the SM needs to be extended in order to explain massive neutrinos. From a
theoretical point of view the most obvious way to do so is to introduce new species of neu-
trinos that can account for mass terms in the Lagrangian of the theory. At the same time
neutrino masses have to be tiny compared to the other fermion masses. A popular method
to address this issue is the so-called seesaw mechanism that has extensively been studied
in various modifications. The canonical (or type-I) seesaw [43, 44] leads to neutrino masses
suppressed by a heavy mass scale of the order of 1010 GeV or above, which perfectly can be
embedded in e.g. a grand unified theory (GUT). However, such a high mass scale is far be-
yond reach of particle colliders — be it existing colliders (LHC) or future colliders. This has
led scientists to search for possibilities of a low-scale seesaw mechanism. One possibility to
realize this is the inverse seesaw mechanism [45, 46]. It is characterized by a low lepton num-
ber violating mass scale µ and a heavy mass scale M that can be of order 1 TeV, well within
reach of the LHC. The inverse seesaw mechanism leads to neutrino masses ∼ (mD/M)2µ,
where mD denotes a Dirac mass proportional to the Electro-Weak scale. After this short
motivation we can turn our attention to the realization of the aspects just alluded to.
2.1 The model
The model discussed in this work is based on the conformal inverse seesaw (CISS) described
in our previous work [42, 47]. In extension we augment the model by a Majorana mass
term for the right-handed neutrinos νR. In a conformal theory only dimensionless coupling
constants are allowed. This means that an explicit mass term for fermions is forbidden, or
— put the other way around — any fermion mass term present in the Lagrangian has to
descend from a Yukawa interaction of the fermion with a scalar field.
To realize the inverse seesaw pattern we add three right-handed neutrinos νR and two
different neutrino species NL and NR to the SM. Note that the model is built in a way
that it is symmetric under the exchange of NL with N
c
R and that both fields ought to have
the same quantum numbers to guarantee anomaly cancellation in their sector.
It turns out that, in order to obtain exactly the mass terms that we want to keep, we
need to extend the SM gauge group by a new symmetry group that is naturally identified
with U(1)B−L. To understand this we first give the particle content of the model and
the quantum numbers of the fields summarized in table 1 and then discuss this particular
choice of fields and quantum numbers.
From the particles listed in table 1 we obtain the following invariant Lagrangian
LCISS = i ν¯R
(
/∂ + i gBL Z
′
µγ
µ
)
νR + i N¯L
(
/∂− 3i gBL Z ′µγµ
)
NL + i N¯R
(
/∂ − 3i gBL Z ′µγµ
)
NR
− y
2
(
N¯L νR φ4 + h.c.
)− y
2
(
N¯ cR νR φ2 + h.c.
)− yD
2
(
L¯ H˜νR + h.c.
)
− y
′
2
(
N¯LN
c
L φ6 + h.c.
)− y′
2
(
N¯RN
c
R φ6 + h.c.
)− yR
2
(ν¯R ν
c
R φ2 + h.c.)
+ | (∂µ + 2 i gBL Z ′µ)φ2|2 + | (∂µ − 4 i gBL Z ′µ)φ4|2 + | (∂µ − 6 i gBL Z ′µ)φ6|2
− 1
4
FµνZ′ F
Z′
µν +
κ
4
FµνZ′ Fµν − V (H,φ2, φ4, φ6) + LSM , (2.1)
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Field SU(2)L ×U(1)Y U(1)B−L
Fermions QL ≡ (u, d)TL (2, 1/6) 1/3
uR (1, 2/3) 1/3
dR (1, − 1/3) 1/3
`L ≡ (ν, e)TL (2, − 1) −1
eR (1, − 2) −1
νR (1, 0) −1
NR (1, 0) 3
NL (1, 0) 3
Scalars H (2, 1/2) 0
φ2 (1, 0) −2
φ4 (1, 0) 4
φ6 (1, 0) 6
Table 1. The particle content of the CISS with large lepton number violation. The third and forth
columns show the representation of the fields under the Electro-Weak gauge group and, respectively,
the quantum number under the new gauge group U(1)B−L.
where Z ′µ denotes the new gauge boson associated with U(1)B−L and FZ
′
µν = ∂µZ
′
ν − ∂νZ ′µ
is its field strength tensor. Since NL and NR have to have the same quantum numbers to
guarantee anomaly cancellation the bilinear combination of both fields (NLNR, NRNL) is
a singlet under the model’s gauge group. Hence, to avoid such a mass term, we cannot
admit a complete singlet scalar field. On the other hand a crucial point of the model is to
have a mass term νRν
c
R for the right-handed neutrinos. Then, in the absence of a scalar
singlet, as a consequence it is required that νR is charged under some symmetry group.
Finally the Yukawa coupling of the right-handed neutrinos to SM particles LH˜νR forces us
to choose a symmetry group that can be reconciled with the SM. The most natural choice
for this is to identify the new gauge group with U(1)B−L. Note that this identification has
led us to introduce the same number of right-handed neutrinos as are present in the SM in
order to cancel U(1)B−L anomalies.
2.2 Symmetry breaking
The Radiative Spontaneous Symmetry Breaking is similar to the case of the CISS discussed
in [42] and leads to the hierarchical vacuum expectation value (vev) structure 〈φ4〉 ≈ 〈φ2〉 >
〈H〉 > 〈φ6〉. We take the values of the quartic scalar couplings in the potential for the
terms φ24φ2φ
c
6 and φ
3
2φ6 to be subleading. This leads to an approximate symmetry among
φ2 and φ4 and the fields acquire vevs of the same order of magnitude. Note that the
assumption of subdominant quartic couplings is safe, as it does not get destabilized by the
renormalization group running.
The symmetry breaking by the vevs of the scalars naturally gives masses to fermions
and gauge bosons. The neutrino mass terms of the Lagrangian given in eq. (2.1) can be
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summarized in the Majorana basis as
Lmass = −1
2
ν¯cMν + h.c. (2.2)
with the neutral lepton mass matrix and flavour basis given by
M =

0 yD〈H〉 0 0
yD〈H〉 yR〈φ2〉 y〈φ2〉 y〈φ4〉
0 y〈φ2〉 y′〈φ6〉 0
0 y〈φ4〉 0 y′〈φ6〉
 =

0 mD 0 0
mD MR M M
0 M µ1 0
0 M 0 µ2
 , ν =

νL
νcR
NL
N cR
 . (2.3)
Remember that we assume that MR is the largest of all elements. Note that in this set-up
both MR and M are proportional to 〈φ2〉 ≈ 〈φ4〉. This means a hierarchy MR  M
between the mass terms must follow from a hierarchy in the Yukawa couplings, yR  y.
After spontaneous symmetry breaking, the vevs of the non-SM scalars give a mass to
the extra neutral gauge boson Z ′. The SM Higgs vev generates mass terms for the other
neutral gauge bosons B and W 3. Neglecting the kinetic mixing among the U(1) gauge
bosons the neutral gauge boson mass matrix in the basis (W 3µ , Bµ, Z
′
µ) reads
M2neutral =
 14g2〈H〉2 −14gg′〈H〉2 0−14gg′〈H〉2 14g′2〈H〉2 0
0 0 8g2BL
(〈φ2〉2 + 4〈φ4〉2 + 9〈φ6〉2)
 . (2.4)
For the allowed vev hierarchy the physical mass of the Z ′ is given by
M2Z′ = 8g
2
BL
(〈φ2〉2 + 4〈φ4〉2 + 9〈φ6〉2) . (2.5)
Additionally, we obtain MZ =
1
2〈H〉
√
g2 + g′2 for the Z boson mass and a massless photon
A, as in the SM.
2.3 Masses and mixing
Before we discuss the eigenvalue spectrum and mixing matrix obtained from eq. (2.3) we
show here how the addition of a Majorana mass term for the right-handed neutrinos to
the generic inverse seesaw mass matrix leads to a heavy neutrino spectrum of Majorana
fermions which can contribute significantly to the lepton number violating neutrinoless
double beta decay and same-sign dilepton signals at the LHC.
2.3.1 Generic inverse seesaw mechanism
In order to implement the generic inverse seesaw mechanism, we have to introduce two
types of neutral leptons (νR and NL) to the Standard Model particle content. The mass
matrix for generic inverse seesaw mechanism is given below
Mgeninv =
 0 mD 0mTD 0 MT
0 M µ
 , (2.6)
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where mD is the Dirac neutrino mass matrix connecting νL − νR, M is the mass matrix
between νR − NL, and µ is the small Majorana mass term for NL. Note that µ is the
only source of LNV in the theory. The inverse seesaw formula [45, 46], assuming the mass
hierarchy M  mD  µ, for light neutrino masses is given by
mν =
(mD
M
)
µ
(mD
M
)T
, (2.7)
and the heavy neutrinos form a pseudo-Dirac fermion pair, M± = ±M + µ/2. We can
recast the light neutrino mass formula in a convenient way as( mν
0.1 eV
)
=
( mD
100 GeV
)2 ( µ
keV
)( M
104 GeV
)−2
.
The main motivation for considering the inverse seesaw is to allow for large light-heavy
neutrino mixing (θ ∝ mD/M) even if M is around a few TeV leading to interesting low
energy phenomenology. Thus, having light neutrinos at the sub-eV scale is consistent with
mD ' 100 GeV, M ' 1 TeV and a small lepton number violating Majorana mass µ ' keV.
Because the heavy neutrinos form pseudo-Dirac pairs, their contribution to lepton number
violating processes is suppressed (since pseudo-Dirac fermions can be thought of as two
fermions of opposite CP-phase with small Majorana mass splitting and hence cancellation
occurs between the individual contributions to lepton number violating processes).
2.3.2 Inverse seesaw mechanism with large lepton number violation
To start with, we introduce a mass term MR for right-handed neutrinos to the generic
inverse seesaw mass matrix displayed in eq. (2.6) for which the relevant interaction La-
grangian can be written as
LYuk = νRmTDνL + νRMTNL +
1
2
νRMRν
c
R +
1
2
N cLµNL + h.c. (2.8)
Now MR is an additional source of LNV. The neutral lepton mass matrix, in the basis
(νL, ν
c
R, NL), accordingly reads
Mextinv =
 0 mD 0mTD MR MT
0 M µ
 . (2.9)
Under the assumption MR > M > mD  µ, we integrate out the right-handed neutrinos
leading to the effective Lagrangian
−Leff = 1
2
νcL
(
mDM
−1
R m
T
D
)
νL+νcL
(
mDM
−1
R M
T
)
NL+
1
2
N cL
(
MM−1R M
T − µ)NL , (2.10)
which, in the basis (νL, NL), gives the mass matrix
Meff = −
(
mDM
−1
R m
T
D mDM
−1
R M
T
MM−1R m
T
D MM
−1
R M
T − µ
)
. (2.11)
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The complete diagonalization of the extended inverse seesaw mechanism (for details,
see [48, 49]) results in the physical masses for neutral leptons as
mν ∼
(mD
M
)
µ
(mD
M
)T
, MNL ∼ µ−MM−1R MT , MνR ∼MR . (2.12)
It is clear from the above mass matrices that all the physical neutral leptons are pure
Majorana unlike in the generic inverse seesaw scenario where heavy neutral leptons form
pseudo-Dirac pairs. Thus, the introduction of a large Majorana mass term for the right-
handed neutrinos to the generic inverse seesaw mass matrix changes the fermionic character
of the heavy neutral leptons (pseudo-Dirac to Majorana), which leads to very interesting
lepton number violating processes like neutrinoless double beta decay in low energy exper-
iments and same-sign dilepton signals at colliders.
2.3.3 Conformal inverse seesaw mechanism with large lepton number violation
After this brief excursion to understand how large lepton number violating effects enter the
game through a heavy Majorana mass term for the right-handed neutrinos we can turn our
attention back to the mass matrix in the CISS. In the following we will qualitatively discuss
the mass eigenvalues and mixing obtained from the matrix structure shown in eq. (2.3).
We define the (complete) mixing matrix U via
Mdiag = U †MU∗ = V † · {W †MW ∗} · V ∗ , (2.13)
whereMdiag = diag(m1, m2, m3, . . .) contains the physical neutrino masses. As indicated
in eq. (2.13) the diagonalization of M can be carried out in two steps, first a block diago-
nalization W and second the diagonalization V of the blocks obtained that way. Then we
can bring M into block-diagonal form by transforming
Mblock = W †MW ∗ = diag (mν ,mkeV,mint,mheavy) . (2.14)
The matrices mν , mkeV, mint and mheavy denote the active neutrino mass matrix and a keV
scale, intermediate scale and heavy scale mass matrix, respectively. Assuming the hierarchy
MR > M > mD > µ+, where we have defined µ+ = µ1 + µ2, they are proportional to
mν ∼
(mD
M
)2
µ+ ; inverse seesaw formula for light neutrinos ,
mkeV ∼ µ+ , mint ∼ M
2
MR
, mheavy ∼MR (2.15)
up to negligible corrections from the block-diagonalization. Note that, while active neutrino
masses are governed by the inverse seesaw mechanism, the second line of eq. (2.15) shows
clearly a Majorana seesaw character for the scales mint and mheavy. This stands in contrast
to the pseudo-Dirac character of the generic inverse seesaw where one expects pairs of
eigenvalues of the form ±M + µ/2.
We find that the minimal configuration, where the mass pattern of eq. (2.15) is stable,
is a model with (3+3+2+2) eigenstates in the flavour basis ν. In figure 1 we illustrate the
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mν ∼
(mD
Figure 1. Schematic illustration of the resulting mass spectrum in the minimal (3 + 3 + 2 + 2)
flavour model. Please note the logarithmic scale of the axis.
resulting mass spectrum schematically. Examining the spectrum of mass scales in agree-
ment with light neutrino masses we find that for MR above 10 TeV we have intermediate
scale Majorana neutrinos from a few GeV up to a few 100 GeV.1 In addition there is a state
in the few keV range which is a perfect candidate for Dark Matter and could explain the
recent observation of a 3.51 keV X-ray line [50]. The DM phenomenology is unaffected by
the lepton number violating mass term. Thus the analysis presented in our previous work
applies to this model, too. The correct DM relic abundance is assumed to be generated in
a freeze-in process. For a more detailed discussion we refer to [51]. We point out that a
slight modification of the model leads to a stable weakly interacting massive DM candidate.
If there is no φ4 scalar with the B − L quantum number 4 in the theory, B − L breaks
to a remnant Z2 symmetry. This symmetry is the reason why one of the fermions with
the mass of the order of the φ6 vev remains stable. This particle is produced in s-channel
interactions with the Z ′ gauge boson and can account for the correct DM relic abundance
after a freeze-in. This change does not affect the phenomenology of the LNV and we will
thus postpone a detailed analysis.
To discuss the mixing pattern let us define the following hierarchy parameters
σ =
M
MR
,  =
mD
M
, η =
µ+
M
. (2.16)
Considering the same mass hierarchy as above MR > M > mD > µ+ the block-
diagonalization can be put in the approximate form
O(W †) =

1 η  
0 0 1√
2
1√
2
 σ 1√
2
1√
2
σ 1 σ σ
 . (2.17)
1Note that for MR above 10 TeV the loop corrections to the active neutrino masses are subdominant.
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Note that the elements of W have the same order of magnitude as the elements of the
mixing matrix U = W · V , since O(V ) = 1.
The mixing matrix connects the flavour with the mass basis n ≡ (νSM, νkeV, Nint,
Nheavy)
T via
να = U
∗
αini =
3∑
i=1
U∗αiνSMi +
∑
i∈keV
U∗αiνkeVi +
∑
i∈int
U∗αiNinti +
∑
i∈heavy
U∗αiNheavyi . (2.18)
Note that νSM, νkeV denote relatively light neutrino states while Nint, Nheavy are relatively
heavy. As a result of this new relation for να given in eq. (2.18), the charged-current (CC)
interaction Lagrangian in the lepton sector becomes
LCC = g√
2
Wµ
∑
α=e,µ,τ
`αγ
µPLνα + h.c.
=
g√
2
Wµ
∑
α=e,µ,τ
`αγ
µPL
{ 3∑
i=1
U∗αiνSMi +
∑
i∈keV
U∗αiνkeVi +
∑
i∈int
U∗αiNinti +
∑
i∈heavy
U∗αiNheavyi
}
+ h.c. . (2.19)
With the help of the CC interaction Lagrangian we are able to calculate the amplitudes
for decays as well as for scattering processes.
3 Lepton number violation
To admit a heavy Majorana mass term for the right-handed neutrinos naturally leads to
strong LNV. Such lepton number violating physics will manifest itself in new processes not
present in the SM. In the following we discuss the major impact of the LNV obtained in
our model specifically on 0νββ and same sign dilepton signatures at the LHC.2
3.1 Neutrinoless double beta decay
One possibility of observing LNV is the neutrinoless double beta decay (0νββ). It is the
(hypothetical) simultaneous decay of two neutrons of the nucleus of an isotope (A, Z) into
two protons and two electrons without the emission of any neutrinos,
0νββ : (A, Z)→ (A, Z + 2)++ + 2e− . (3.1)
The non-observation of such a decay can be interpreted as a lower limit on the halflife
of the isotope under investigation. Physically the halflife can be expressed in terms of a
phase-space factor G0ν(A,Z), a nuclear matrix element M0ν(A,Z) and a dimensionless effective
parameter η0νeff according to
(T 0ν1/2)
−1
(A,Z) = G0ν(A,Z)|M0ν(A,Z)η0νeff|2 . (3.2)
2We will not discuss lepton flavour violation (LFV), as the relevant constraints presented in our previous
analysis [42] apply here as well. Next generation LFV experiments will test deeper into the parameters
space of the model.
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e−
W
mN
N
n
n p
p
e−
W
N
e−
W
mν
ν
n
n p
p
e−
W
ν
whitetext
Figure 2. Feynman diagrams contributing to neutrinoless double beta decay with W− − W−
mediation via the exchange of virtual light neutrinos ν (left panel), and the exchange of virtual
heavy neutrinos N (right panel).
The phase-space factor is responsible for the kinematics of the decay and highly energy
dependent. The nuclear matrix element (NME) takes care of the transition of the nucleus
into its daughter. Since it describes a multi-particle process this quantity constitutes the
largest source of uncertainties in deriving particle physics constraints from the experimental
bounds of the halflife. Finally the effective parameter contains the particle physics of the
transition 2d→ 2u+ 2e− inside of the involved nucleons.
From the particle physicist’s point of view the observation of 0νββ would prove the
existence of an (effective) LNV operator. The common explanation — called the standard
mechanism — is that neutrinos are Majorana particles so that a process as shown in figure 2
(left panel) is possible. In this case the effective parameter introduced in eq. (3.2) is given
by the ee element of the Majorana mass matrix normalized to the electron mass
η0νeff ≡
mee
me
=
1
me
(
3∑
i=1
(UPMNS)
2
eimi
)
. (3.3)
Note, however, that the standard mechanism is not the only way to realize 0νββ. In
principle any new physics that violates lepton number (effectively) by two units can lead to
0νββ. Additionally it is possible that not only one but several mechanisms give significant
contributions to the amplitude of 0νββ and lead to interference phenomena.
3.1.1 Neutrinoless double beta decay in the conformal inverse seesaw mecha-
nism
The process leading to 0νββ in our model is the same as the one shown in figure 2. The
difference to the standard mechanism, however, is that we have additional contributions
coming from the new neutrino states. In general one can distinguish between light (ν) and
heavy (N) neutrino exchange. Let us define the following dimensionless parameters for the
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Isotope G0ν [10
−15 yrs−1] Mν MN
76Ge 7.98 3.85–5.82 172.2–411.5
136Xe 59.2 2.19–3.36 117.1–172.1
Table 2. The numerical values of the phase-space factor and nuclear matrix elements taken
from [52]. Note that the ranges for the nuclear matrix elements correspond to the extremal values
given in the reference.
exchanges
η ν =
1
me
(
3∑
i=1
U2eimi +
∑
i∈keV
U2eimi
)
≈ mee
me
, (3.4)
ηN = −mp
∑
i∈int
U2ei
1
mi
+
∑
i∈heavy
U2ei
1
mi
 ≡ −mp
mN
. (3.5)
Note that these quantities are normalized to the electron mass, me, and proton mass, mp,
respectively. We emphasise that the heavy Majorana neutrino contribution from eq. (3.5)
due to the presence of the Majorana mass MR as heaviest scale does not suffer from
cancellations in contrast to the generic inverse seesaw scenario with pseudo-Dirac neutrinos,
where MR = 0 (see section 3.1.2 for more details). For the approximation in eq. (3.4) we
have taken into account that the mixing of the electron neutrino to the keV states is
negligible [O(U2e keV) ∼ 0, cf. eq. (2.17)]. The light and heavy neutrino exchange in general
have different NME’s. We will denote them by Mν and MN , respectively (see table 2 for
the numerical values).3 The halflife of 0νββ, eq. (3.2), then is given by
(T 0ν1/2)
−1 = G0ν |Mν η ν +MN ηN |2 ≈ G0ν
∣∣∣∣Mνme
∣∣∣∣2 ∣∣∣∣mee −mempMNMν m−1N
∣∣∣∣2 . (3.6)
Note that the typical momentum transfer for 0νββ is 〈p2〉 =
∣∣∣−mempMNMν ∣∣∣ = (190 MeV)2.
From the right-hand side of eq. (3.6) we see that we can in general expect interference
effects between the light and heavy neutrino contributions. However, in the case where
one contribution is dominant compared to the other, the interference between the different
mechanisms can be neglected without loss of generality.
In figure 3 we plot the effective Majorana mass and the corresponding halflife of 0νββ
as a function of the mass of the lightest neutrino. The yellow dots are the prediction
of a 0νββ signal coming from a dominant heavy neutrino contribution in the LNV CISS
framework. They show that the current and future experimental limits on the halflife of
0νββ can well be saturated, if the LNV heavy contribution is strong enough. In table 3 we
list the current experimental limits on the halflife and the corresponding mass parameter
for the isotopes 76Ge and 136Xe shown in figure 3.
3Here and in the following we omit the specification of the isotope (A, Z).
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Figure 3. Heavy neutrino contributions to the effective Majorana mass (left panel) and the corre-
sponding halflife (right panel) of neutrinoless double beta decay against the lightest neutrino mass
displayed as yellow dots. The dots show values that we choose to saturate the experimental limit
on the halflife (represented by horizontal lines and the respective shaded areas for the GERDA and
EXO+KamLAND-Zen experiments). Note that the seemingly more stringent constraints in the
plot of the effective Majorana mass is a result of the uncertainty in the nuclear matrix elements.
The limit on the sum of light neutrino masses from cosmological data (Planck 1 and 2) as well as
the prospected reach of the KATRIN detector are represented by vertical lines and the respective
shaded areas. The green and the red areas, respectively, show the 3σ oscillation data allowed ranges
in a three-neutrino scheme for normal hierarchy (NH) and for inverted hierarchy (IH), respectively.
The quasi-degenerate regime (QD), where NH and IH merge, is indicated.
Isotope T 0ν1/2 [10
25 yrs] m0νeff [eV] Collaboration
76Ge > 2.1 < (0.2− 0.4) GERDA [53]
136Xe > 1.6 < (0.14− 0.38) EXO [54]
136Xe > 1.9 n/a KamLAND-Zen [55]
136Xe > 3.6 < (0.12− 0.25) EXO + KamLAND-Zen combined [55]
Table 3. The current lower limits on the halflife T 0ν1/2 and upper limits on the effective mass
parameter m0νeff of neutrinoless double beta decay for the isotopes
76Ge and 136Xe. The range
for the effective mass parameter comes from different calculation methods for the nuclear matrix
elements.
3.1.2 Extra contributions to 0νββ from heavy Majorana neutrinos
In the discussion in section 2.3, we have already clarified how one can achieve large LNV
in the conformal inverse seesaw mechanism through the inclusion of a large Majorana
mass term for the right-handed neutrinos. In order to make it clearer to the reader how
dominant contributions to neutrinoless double beta decay arise from the heavy neutrinos,
let us examine the relevant Majorana mass insertion terms as source of |∆L| = 2 lepton
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number violation in our model leading to new contributions additional to the standard
mechanism.
The exchange of keV sterile neutrinos (∼ mkeV) is suppressed very much due to the
small mixing with light active neutrinos. Thus, it will give negligible contribution to the
effective Majorana mass. The exchange of intermediately heavy Majorana states with
physical masses mint ' µ+−MM−1R MT [cf. eq. (2.12)] contributes to the Feynman ampli-
tude as
1
M4W
PL
[
Ue int
1
p/−mint mint
1
p/−mint Ue int
]
ee
PL ,
where Ue int is the mixing between light active and intermediately heavy Majorana neutri-
nos, and PL is the left-handed chiral projection operator. Using the allowed mass hierarchy,
one can obtain |mint| ≈ |MM−1R MT |  |p|  |µ|, which results in the modified Feynman
amplitude
Aint ∝ 1
M4W
[
Ue int
(
µ+
m2int
+
1
mint
)
Ue int
]
ee
, (3.7)
where we can neglect the first term in comparison to the second one. Due to the Majo-
rana nature of the intermediate scale neutrinos this result is different from the expression
obtained in the generic inverse seesaw with MR = 0. There the heavy neutrinos are
pseudo-Dirac particles and the only Majorana mass insertion term arises from light neu-
trino contributions whereas the heavy sterile neutrino contributions cancel.
From eq. (3.7) we derive that in the present scheme of the conformal inverse seesaw
mechanism with large LNV the contributions of the intermediate scale neutrinos to the
effective Majorana mass are
mνintee = |p2|
U2e int
mint
, (3.8)
where we have neglected the contribution from the small scale µ+ as discussed. For natural
values of light-heavy neutrino mixing Ue int of the order of 10
−4 − 10−2 and with masses
within a range of 10− 1000 GeV these contributions can saturate the current experimental
limits for the effective Majorana mass. The same reasoning is valid for the heaviest right-
handed Majorana neutrinos (∼MR), which can also contribute to the neutrinoless double
beta decay. Thus, large lepton number violation within the inverse seesaw mechanism does
not only explain the sub-eV scale of light neutrinos, but also provides a search tool for new
physics in neutrinoless double beta decay experiments or as well at high energy colliders
via same-sign dilepton signals.
3.2 Probing lepton number violation at colliders
The characteristic collider signature probing lepton number violation is the same-sign
dilepton plus two jets signal (`±`± + 2j) and the same-sign dilepton plus four jets sig-
nal (`±`±+ 4j), both without missing energy. In the left panel of figure 4 we illustrate the
Feynman diagram for the (`±`± + 2j) signal while the right panel shows the diagram for
the (`±`± + 4j) mediated by Z ′ decay.4
4Note that the decay Z′ → νRνR → `±`± + 4j does not possess a particularly large branching ratio
(compared to Z′ → `+`−), but is considered here because it violates lepton number.
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q Z
′ W±
W±
νR
νR
j`±α
`±β
q
Figure 4. Production of heavy neutrinos leading to lepton number violating same-sign dilepton
signatures at Colliders. The left panel shows the pp→ ``+2j process while the right panel displays
the process pp → Z ′ → `` + 4j. Note that there are additional contributions to the (`±`± + 4j)
signal arising from the decay of the φ2 scalar produced via mixing with the SM Higgs.
The same-sign dilepton signal is primarily depending upon the large light-heavy neu-
trino mixing and the mass of the sterile neutrinos, but of course the production mechanism
for these processes plays an important role, too. The dependence on the mass is most
drastically seen in the different halflife of the heavy neutrino decay. For the (`±`± + 2j)
signal there are two distinct cases. If the heavy neutrino mass is larger than MW the neu-
trino decays immediately, and most probably into a charged lepton and two jets as shown
in the figure. But for masses in the regime of about 5 GeV up to MW the neutrino will
travel some distance before decaying which leads to a displaced vertex of leptons [56, 57].
Thus, for neutrinos in this mass range we expect the signal to be a prompt charged lepton
and a displaced leptonic vertex. Another kinematic observable is the angle between the
produced charged leptons. For small neutrino masses (100 GeV) the charged lepton tracks
are most likely to be parallel, while for large masses (800 GeV) a back-to-back emission is
expected [58].
The event topology contributing to the (`±`± + 4j) final state is displayed in figure 4
(right panel). It shows the LNV decay of the Z ′ boson into two heavy neutrinos with
MZ′ = gBL
√(
8v22 + 32v
2
4 + 72v
2
6
)
. Similar contributions can arise through the decay pp→
H → φ2 → `±`± + 4j taking into account the natural mixing of the scalar φ2 with the SM
Higgs boson which is required by the Radiative Spontaneous Symmetry Breaking. Note
that since both processes have an s-channel mediator exchange there are two resonances
expected in the total invariant mass of these final states corresponding to the Z ′ and the
φ2 scalar boson. For a thorough study of the decay of the Z
′ into two heavy neutrinos
we refer to [59]. Note that the same-sign dilepton plus four jets signal can also arise in a
topology described in [60].
Now let us investigate the (`±`± + 2j) signal in the context of the CISS framework
with large LNV contribution coming from heavy Majorana neutrinos. In this framework
sizable light-heavy neutrino mixing is natural and sufficiently large to probe LNV at the
LHC, while the active neutrinos still have sub-eV masses consistent with oscillation data.
The cross section for the (`±`± + 2j) signal can be calculated from
σ
(
pp→ N`± → `±`±jj) = σ(pp→W → N`±)× Br(N → `±jj) . (3.9)
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MN [GeV] σ (pp→ N`±) [pb] # at L = 19.4 [fb]−1 # at L = 100 [fb]−1
200 0.100 535 2760
500 0.005 23 120
Table 4. The expected number of events in the lepton channel for different values of MN and
σ (pp→ N`±) [63] with a light-heavy mixing of |V`N |2 = 10−4. The third column shows the event
numbers for the current LHC run with a luminosity of L = 19.4 fb−1 and the forth the expected
events in the planned LHC run with an anticipated luminosity of L = 100 fb−1.
For a significant dilepton signal one generally requires large light-heavy mixing and heavy
neutrino masses in the order of 10 − 100 GeV. Within the present scenario, the branching
ratio for the heavy neutrino decay is given by
Br(N → `±jj) = Γ(N → `
±W )
ΓtotN
× Br(W → jj) (3.10)
with Br(W → jj) = 0.674 [61]. The total decay width of the heavy neutrinos ΓtotN is given
by the sum of the following contributions
Γ(N → `±W ) = g
2
LV
2
`N
64pi
M3N
M2W
(
1− M
2
W
M2N
)2(
1 + 2
M2W
M2N
)
, (3.11)
Γ(N → ν`Z, ν`Z) = g
2
LV
2
`N
128pi cos2 θW
M3N
M2Z
(
1− M
2
Z
M2N
)2(
1 + 2
M2Z
M2N
)
, (3.12)
Γ(N → ν`h, ν`h) = g
2
LV
2
`N
128pi
M3N
M2W
(
1− M
2
h
M2N
)2
, (3.13)
where we denote by MN the mass of a heavy neutrino. The number of events expected in
the dilepton channel is finally obtained from
#(pp→ `±`±jj) = L · σ (pp→ `±`±jj) , (3.14)
where L denotes the luminosity. In table 4 we show the results for the expected numbers
of events from eq. (3.14) for two different pairs of values of MN and σ (pp→ N`±) and a
light-heavy mixing of |V`N |2 = 10−4, where we have used the luminosity of the current and
the planned LHC run [62].5 We see that in the case of a 500 GeV neutrino our model is
consistent with the current measurements at the LHC, which do not observe any significant
deviations from the SM. Furthermore, with about 100 events expected at a luminosity of
L = 100 fb−1 the signal could be unambiguously probed in the next LHC run.
5Note that the values for σ
(
pp→ N`±) used here are by a factor of 10 smaller than the ones from [63]
corresponding to our smaller mixing. Note as well that here we have adopted the labelling of the mixing
V`N of the authors of [63], which is  in our notation (cf. eq. (2.17)).
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4 Conclusion
We have presented a novel possibility of large lepton number violation within the context of
the recently explored conformal inverse seesaw mechanism. We have extended the Standard
Model by additional neutrino species with a lepton number violating Majorana mass term
for right-handed neutrinos as the heaviest mass scale. In the conformal framework we have
introduced new scalar fields and a new gauge group that we have identified with B − L.
The Radiative Spontaneous Symmetry Breaking has led to a hierarchy in the structure
of the vacuum expectation values and the emergence of the Electro-Weak scale. We have
shown that the particle spectrum of the model features active neutrinos with sub-eV scale
masses in agreement with current mass limits, a keV neutrino state as a Dark Matter
candidate as well as heavy neutrino states in the few GeV to hundreds of GeV range. We
have demonstrated that in the model it is natural to have large mixing between the light
and heavy neutrino states of the order of 10−2.
We also have discussed the phenomenological consequences of the large lepton number
violation in our model in the context of neutrinoless double beta decay (0νββ) and the
characteristic same-sign dilepton signals at the Large Hadron Collider (LHC). We have
shown that the new contributions of the heavy neutrinos to 0νββ can saturate the limits
for the halflife in future experiment leading to a detectable signal. For the collider signatures
we have estimated the expected number of events in the same-sign dilepton channel plus
two jets and no missing energy. We have found that the sizable light-heavy mixing in our
model can lead to a visible excess in the next LHC run. We have discussed the possibility
to distinguish different mass ranges of the heavy neutrinos by analysing the kinematics of
the collision products. We have commented on the same-sign dilepton channel with four
jets and no missing energy mediated by the Z ′ boson associated with the B − L gauge
group or the mixing of the Standard Model Higgs with the new scalars as additional tests
of the model at colliders. It is important to mention that, given the sizable light-heavy
neutrino mixing, 0νββ experiments and colliders probe similar mass ranges for the heavy
Majorana states. However, the couplings which are involved in the processes are different
in their flavour composition and so both experiments turn out to be highly complementary.
Acknowledgments
We thank Martin Hirsch for helpful discussions. The work of Sudhanwa Patra is partially
supported by the Department of Science and Technology, Govt. of India under the financial
grant SB/S2/HEP-011/2013 and the Max Planck Society in the project MANITOP.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
– 16 –
J
H
E
P
0
9
(
2
0
1
5
)
0
6
4
References
[1] L. Kadanoff, Critical behavior. Universality and scaling, in Proccedings of Enrico Fermi’
School. Critical Phenomena, Varenna Italy (1970).
[2] S.R. Coleman and E.J. Weinberg, Radiative Corrections as the Origin of Spontaneous
Symmetry Breaking, Phys. Rev. D 7 (1973) 1888 [INSPIRE].
[3] R. Hempfling, The Next-to-minimal Coleman-Weinberg model, Phys. Lett. B 379 (1996) 153
[hep-ph/9604278] [INSPIRE].
[4] T. Hambye, Symmetry breaking induced by top quark loops from a model without scalar mass,
Phys. Lett. B 371 (1996) 87 [hep-ph/9510266] [INSPIRE].
[5] R. Foot, A. Kobakhidze and R.R. Volkas, Electroweak Higgs as a pseudo-Goldstone boson of
broken scale invariance, Phys. Lett. B 655 (2007) 156 [arXiv:0704.1165] [INSPIRE].
[6] R. Foot, A. Kobakhidze, K. McDonald and R. Volkas, Neutrino mass in radiatively-broken
scale-invariant models, Phys. Rev. D 76 (2007) 075014 [arXiv:0706.1829] [INSPIRE].
[7] W.-F. Chang, J.N. Ng and J.M.S. Wu, Shadow Higgs from a scale-invariant hidden U(1)(s)
model, Phys. Rev. D 75 (2007) 115016 [hep-ph/0701254] [INSPIRE].
[8] T. Hambye and M.H.G. Tytgat, Electroweak symmetry breaking induced by dark matter,
Phys. Lett. B 659 (2008) 651 [arXiv:0707.0633] [INSPIRE].
[9] S. Iso, N. Okada and Y. Orikasa, Classically conformal B − L extended Standard Model,
Phys. Lett. B 676 (2009) 81 [arXiv:0902.4050] [INSPIRE].
[10] S. Iso, N. Okada and Y. Orikasa, The minimal B-L model naturally realized at TeV scale,
Phys. Rev. D 80 (2009) 115007 [arXiv:0909.0128] [INSPIRE].
[11] R. Foot, A. Kobakhidze and R.R. Volkas, Cosmological constant in scale-invariant theories,
Phys. Rev. D 84 (2011) 075010 [arXiv:1012.4848] [INSPIRE].
[12] V.V. Khoze, Inflation and Dark Matter in the Higgs Portal of Classically Scale Invariant
Standard Model, JHEP 11 (2013) 215 [arXiv:1308.6338] [INSPIRE].
[13] Y. Kawamura, Naturalness, Conformal Symmetry and Duality, PTEP 2013 (2013) 113B04
[arXiv:1308.5069] [INSPIRE].
[14] F. Gretsch and A. Monin, Dilaton: Saving Conformal Symmetry, arXiv:1308.3863
[INSPIRE].
[15] M. Heikinheimo, A. Racioppi, M. Raidal, C. Spethmann and K. Tuominen, Physical
Naturalness and Dynamical Breaking of Classical Scale Invariance, Mod. Phys. Lett. A 29
(2014) 1450077 [arXiv:1304.7006] [INSPIRE].
[16] E. Gabrielli, M. Heikinheimo, K. Kannike, A. Racioppi, M. Raidal and C. Spethmann,
Towards Completing the Standard Model: Vacuum Stability, EWSB and Dark Matter, Phys.
Rev. D 89 (2014) 015017 [arXiv:1309.6632] [INSPIRE].
[17] C.D. Carone and R. Ramos, Classical scale-invariance, the electroweak scale and vector dark
matter, Phys. Rev. D 88 (2013) 055020 [arXiv:1307.8428] [INSPIRE].
[18] V.V. Khoze and G. Ro, Leptogenesis and Neutrino Oscillations in the Classically Conformal
Standard Model with the Higgs Portal, JHEP 10 (2013) 075 [arXiv:1307.3764] [INSPIRE].
[19] C. Englert, J. Jaeckel, V.V. Khoze and M. Spannowsky, Emergence of the Electroweak Scale
through the Higgs Portal, JHEP 04 (2013) 060 [arXiv:1301.4224] [INSPIRE].
– 17 –
J
H
E
P
0
9
(
2
0
1
5
)
0
6
4
[20] A. Farzinnia, H.-J. He and J. Ren, Natural Electroweak Symmetry Breaking from Scale
Invariant Higgs Mechanism, Phys. Lett. B 727 (2013) 141 [arXiv:1308.0295] [INSPIRE].
[21] S. Abel and A. Mariotti, Novel Higgs Potentials from Gauge Mediation of Exact Scale
Breaking, Phys. Rev. D 89 (2014) 125018 [arXiv:1312.5335] [INSPIRE].
[22] R. Foot, A. Kobakhidze, K.L. McDonald and R.R. Volkas, Poincare´ protection for a natural
electroweak scale, Phys. Rev. D 89 (2014) 115018 [arXiv:1310.0223] [INSPIRE].
[23] C.T. Hill, Is the Higgs Boson Associated with Coleman-Weinberg Dynamical Symmetry
Breaking?, Phys. Rev. D 89 (2014) 073003 [arXiv:1401.4185] [INSPIRE].
[24] J. Guo and Z. Kang, Higgs Naturalness and Dark Matter Stability by Scale Invariance, Nucl.
Phys. B 898 (2015) 415 [arXiv:1401.5609] [INSPIRE].
[25] L. Alexander-Nunneley and A. Pilaftsis, The Minimal Scale Invariant Extension of the
Standard Model, JHEP 09 (2010) 021 [arXiv:1006.5916] [INSPIRE].
[26] S. Benic and B. Radovcic, Electroweak breaking and Dark Matter from the common scale,
Phys. Lett. B 732 (2014) 91 [arXiv:1401.8183] [INSPIRE].
[27] V.V. Khoze, C. McCabe and G. Ro, Higgs vacuum stability from the dark matter portal,
JHEP 08 (2014) 026 [arXiv:1403.4953] [INSPIRE].
[28] J. Smirnov, Regularization of Vacuum Fluctuations and Frame Dependence,
arXiv:1402.1490 [INSPIRE].
[29] A. Salvio and A. Strumia, Agravity, JHEP 06 (2014) 080 [arXiv:1403.4226] [INSPIRE].
[30] P.H. Chankowski, A. Lewandowski, K.A. Meissner and H. Nicolai, Softly broken conformal
symmetry and the stability of the electroweak scale, Mod. Phys. Lett. A 30 (2015) 1550006
[arXiv:1404.0548] [INSPIRE].
[31] H. Okada and Y. Orikasa, Classically Conformal Radiative Neutrino Model with Gauged B-L
Symmetry, arXiv:1412.3616 [INSPIRE].
[32] J. Guo, Z. Kang, P. Ko and Y. Orikasa, Accidental dark matter: Case in the scale invariant
local B-L model, Phys. Rev. D 91 (2015) 115017 [arXiv:1502.00508] [INSPIRE].
[33] S. Baek, H. Okada and K. Yagyu, Flavour Dependent Gauged Radiative Neutrino Mass
Model, JHEP 04 (2015) 049 [arXiv:1501.01530] [INSPIRE].
[34] H. Hatanaka, K. Nishiwaki, H. Okada and Y. Orikasa, A Three-Loop Neutrino Model with
Global U(1) Symmetry, Nucl. Phys. B 894 (2015) 268 [arXiv:1412.8664] [INSPIRE].
[35] S. Benic and B. Radovcic, Majorana dark matter in a classically scale invariant model, JHEP
01 (2015) 143 [arXiv:1409.5776] [INSPIRE].
[36] A. Gorsky, A. Mironov, A. Morozov and T.N. Tomaras, Is the Standard Model saved
asymptotically by conformal symmetry?, J. Exp. Theor. Phys. 120 (2015) 344
[arXiv:1409.0492] [INSPIRE].
[37] H. Okada, T. Toma and K. Yagyu, Inert Extension of the Zee-Babu Model, Phys. Rev. D 90
(2014) 095005 [arXiv:1408.0961] [INSPIRE].
[38] H. Okada and Y. Orikasa, X-ray line in Radiative Neutrino Model with Global U(1)
Symmetry, Phys. Rev. D 90 (2014) 075023 [arXiv:1407.2543] [INSPIRE].
[39] V.V. Khoze and G. Ro, Dark matter monopoles, vectors and photons, JHEP 10 (2014) 61
[arXiv:1406.2291] [INSPIRE].
– 18 –
J
H
E
P
0
9
(
2
0
1
5
)
0
6
4
[40] M. Lattanzi, R.A. Lineros and M. Taoso, Connecting neutrino physics with dark matter, New
J. Phys. 16 (2014) 125012 [arXiv:1406.0004] [INSPIRE].
[41] R. Kallosh, A.D. Linde, D.A. Linde and L. Susskind, Gravity and global symmetries, Phys.
Rev. D 52 (1995) 912 [hep-th/9502069] [INSPIRE].
[42] P. Humbert, M. Lindner and J. Smirnov, The Inverse Seesaw in Conformal Electro-Weak
Symmetry Breaking and Phenomenological Consequences, JHEP 06 (2015) 035
[arXiv:1503.03066] [INSPIRE].
[43] P. Minkowski, µ→ eγ at a Rate of One Out of 109 Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].
[44] R.N. Mohapatra and G. Senjanovic´, Neutrino Mass and Spontaneous Parity Violation, Phys.
Rev. Lett. 44 (1980) 912 [INSPIRE].
[45] R.N. Mohapatra and J.W.F. Valle, Neutrino Mass and Baryon Number Nonconservation in
Superstring Models, Phys. Rev. D 34 (1986) 1642 [INSPIRE].
[46] F. Deppisch and J.W.F. Valle, Enhanced lepton flavor violation in the supersymmetric
inverse seesaw model, Phys. Rev. D 72 (2005) 036001 [hep-ph/0406040] [INSPIRE].
[47] M. Lindner, S. Schmidt and J. Smirnov, Neutrino Masses and Conformal Electro-Weak
Symmetry Breaking, JHEP 10 (2014) 177 [arXiv:1405.6204] [INSPIRE].
[48] R.L. Awasthi, M.K. Parida and S. Patra, Neutrino masses, dominant neutrinoless double beta
decay and observable lepton flavor violation in left-right models and SO(10) grand unification
with low mass WR, ZR bosons, JHEP 08 (2013) 122 [arXiv:1302.0672] [INSPIRE].
[49] M. Mitra, G. Senjanovic´ and F. Vissani, Neutrinoless Double Beta Decay and Heavy Sterile
Neutrinos, Nucl. Phys. B 856 (2012) 26 [arXiv:1108.0004] [INSPIRE].
[50] E. Bulbul, M. Markevitch, A. Foster, R.K. Smith, M. Loewenstein and S.W. Randall,
Detection of An Unidentified Emission Line in the Stacked X-ray spectrum of Galaxy
Clusters, Astrophys. J. 789 (2014) 13 [arXiv:1402.2301] [INSPIRE].
[51] A. Merle and M. Totzauer, keV Sterile Neutrino Dark Matter from Singlet Scalar Decays:
Basic Concepts and Subtle Features, JCAP 06 (2015) 011 [arXiv:1502.01011] [INSPIRE].
[52] A. Meroni, S.T. Petcov and F. Sˇimkovic, Multiple CP Non-conserving Mechanisms of
ββ-Decay and Nuclei with Largely Different Nuclear Matrix Elements, JHEP 02 (2013) 025
[arXiv:1212.1331] [INSPIRE].
[53] GERDA collaboration, M. Agostini et al., Results on Neutrinoless Double-β Decay of 76Ge
from Phase I of the GERDA Experiment, Phys. Rev. Lett. 111 (2013) 122503
[arXiv:1307.4720] [INSPIRE].
[54] EXO collaboration, M. Auger et al., Search for Neutrinoless Double-Beta Decay in 136Xe
with EXO-200, Phys. Rev. Lett. 109 (2012) 032505 [arXiv:1205.5608] [INSPIRE].
[55] KamLAND-Zen collaboration, A. Gando et al., Limit on Neutrinoless ββ Decay of 136Xe
from the First Phase of KamLAND-Zen and Comparison with the Positive Claim in 76Ge,
Phys. Rev. Lett. 110 (2013) 062502 [arXiv:1211.3863] [INSPIRE].
[56] J.C. Helo, M. Hirsch and S. Kovalenko, Heavy neutrino searches at the LHC with displaced
vertices, Phys. Rev. D 89 (2014) 073005 [arXiv:1312.2900] [INSPIRE].
[57] E. Izaguirre and B. Shuve, Multilepton and Lepton Jet Probes of Sub-Weak-Scale
Right-Handed Neutrinos, Phys. Rev. D 91 (2015) 093010 [arXiv:1504.02470] [INSPIRE].
– 19 –
J
H
E
P
0
9
(
2
0
1
5
)
0
6
4
[58] F.M.L. Almeida, Jr., Y.D.A. Coutinho, J.A. Martins Simoes and M.A.B. do Vale, On a
signature for heavy Majorana neutrinos in hadronic collisions, Phys. Rev. D 62 (2000)
075004 [hep-ph/0002024] [INSPIRE].
[59] P. Fileviez Perez, T. Han and T. Li, Testability of Type I Seesaw at the CERN LHC:
Revealing the Existence of the B-L Symmetry, Phys. Rev. D 80 (2009) 073015
[arXiv:0907.4186] [INSPIRE].
[60] P.S.B. Dev, A. Pilaftsis and U.-k. Yang, New Production Mechanism for Heavy Neutrinos at
the LHC, Phys. Rev. Lett. 112 (2014) 081801 [arXiv:1308.2209] [INSPIRE].
[61] Particle Data Group collaboration, K. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001.
[62] CMS collaboration, Projected Performance of an Upgraded CMS Detector at the LHC and
HL-LHC: Contribution to the Snowmass Process, CMS-NOTE-13-002 (2013)
[arXiv:1307.7135] [INSPIRE].
[63] C.-Y. Chen and P.S.B. Dev, Multi-Lepton Collider Signatures of Heavy Dirac and Majorana
Neutrinos, Phys. Rev. D 85 (2012) 093018 [arXiv:1112.6419] [INSPIRE].
– 20 –
